Multiphoton/tunnel ionization of benzene, interacting with strong Ti:sapphire laser pulses, to doubly charged ions was studied. In contrast to previously published results on multiphoton/tunnel ionization of atoms and molecules, it was demonstrated that double ionization of benzene occurs mainly through non-sequential processes.
Introduction
Numerous studies on the multiple ionization of rare gas atoms interacting with strong laser pulses have led to the establishment of the general characteristics of ionization to doubly charged ions [1] . The observed ion signal of the doubly charged ion A ++ , S obs (I, A ++ ), as a function of the peak laser intensity, I, consists of two distinct parts. At lower intensities, the signal results from the non-sequential double ionization of neutral atoms and its rate is proportional to the rate of ionization through quasi-static tunnelling. At higher intensities the contribution from the sequential ionization of A + ions, S seq (I, A ++ ), dominates the signal. Mathematically, S obs (I, A ++ ) is given by the following relation: 
Comparing theoretically predicted ion versus intensity curves of rare gas atoms interacting with Ti:sapphire laser pulses with experimental measurements, Larochelle et al [2] have shown that S seq (I, A ++ ) can be satisfactorily predicted by the PPT model [3] . The PPT model approximates an atom by a delta-like potential, V (r) = √ 2E i δ(r), where E i is the ionization potential of the atom. Then, the effects of the ionic potential, which behaves like 1/r at long distances from the nucleus, are calculated through the first-order correction on the semi-classical action [4] . The PPT model is valid for γ 1, where γ is Keldysh's adiabatic parameter. In the limit of γ 1 (quasi-static limit) the PPT model overlaps with the ADK model [5] . S ADK (I, A + ), in relation (1) , is the signal of those ions that are generated through
This implies that the non-sequential double ionization is related to the ejection of electrons from neutral atoms in a manner similar to tunnelling through a quasi-static barrier. The parameter α 12 is a constant and ranges from 0.025 (in the case of Xe) to 0.002 (in the case of He) [1] .
Due to similarities in the electronic structures of the rare gas atoms it is difficult to study the dependence of α 12 on the attributes of the ionizing target. In order to expand the possibilities, Talebpour et al [6] studied the double ionization of NO molecule. Two characteristics distinguish this molecule from the rare gas atoms and most of the diatomic molecules. Firstly, the difference between its first and second ionization potentials (9.25 eV and 29.5 eV) is large compared to those in the case of rare gas atoms (for example, 12.1 eV and 21.2 eV for Xe). Secondly, the two ionizing electrons do not originate from the same energy state of the neutral molecule. In spite of these drastic differences, the observed signal of the doubly ionized molecule followed relation (1); only the value of α 12 for NO (α 12 = 6.7 × 10 −4 ) appeared to be unusually small. However, this could be easily explained by arguing that since the singly charged ion is produced at low intensities, the re-scattered electron could not easily obtain enough kinetic energy to eject the second electron. Does this observation imply that the phenomenon of double multiphoton/tunnel ionization is insensitive to the structure of the molecules? The response might not be positive, noting that for some molecules the first ionization occurs at relatively high intensities through the involvement of mechanisms 'suppressing' the probability of ionization [7] to the first charge state. The statement can be verified by studying the multiple ionization of benzene as a suitable candidate; the first and the second ionization potentials of this molecule are 9.24 eV and 26.4 eV, respectively [8] , very similar to those of NO. On the other hand, experiments by our group [9] have shown that the multiphoton/tunnel ionization of benzene to the first charge is suppressed by a factor of about 60 with respect to NO at the intensity of 2 × 10 13 W cm −2 . Therefore, we selected benzene and studied its multiphoton/tunnel ionization to doubly charged ions. The present communication reports our results.
Experimental set-up
The experimental set-up has already been described in [1] . Briefly, a Ti:sapphire laser system provides a train of 800 nm transform limited pulses having a full-width-at-half-maximum time duration of 175 fs. The laser pulses were focused using a 100 cm focal length lens in the vacuum chamber containing deuterated benzene (C 6 H 5 D) vapour at pressures ranging from 10 −5 to 10 −9 Torr. Deuterated benzene was chosen because it allowed us to clearly distinguish the doubly charged parent ion C 6 ). These signals, along with the three theoretically calculated curves, are presented in figure 1.
Result and discussion
The first theoretically calculated curve of figure 1, indicated by C 6 H 5 D + PPT, has been prepared by a method explained in [9] . Recently, Lin's group has successfully reproduced this curve by a more rigorous approach [10, 11] . The main aspect differentiating this curve from similar curves in the case of NO reported in [6] is the manifestation of remarkable ionization suppression which shifts the appearance intensities to higher intensities. The phenomenon of ionization suppression of molecules compared to rare gas atoms results from the non-spherical distribution of electrons in the outer valence orbital of molecules. Interestingly, the ionization suppression acts on the pure multiphoton ionization and the ionization through the quasi-static mechanism is not affected by the molecular structure. This fact has been experimentally demonstrated by comparing the ionization of Xe and O 2 interacting with the Ti:sapphire and CO 2 laser pulses [12, 13] . In the former case (γ > 1, mainly multiphoton ionization) the rate of ionization of O 2 was suppressed by two orders of magnitude [12] . However, when interacting with the CO 2 laser (γ 1, mainly tunnelling ionization) no ionization suppression was observed for O 2 [13] .
The second curve in figure 1 has been calculated using ADK theory for the first charge and multiplied by a constant factor 0.02 to fit the signal of the doubly charged ion. The good overlap of this curve with S obs (I, C 6 H 5 D ++ ) indicates that the empirical formula (1) with a near zero contribution of the sequential ionization is valid in the case of benzene. The third theoretically calculated curve in figure 1, C 6 H 5 D ++ PPT, has been calculated assuming that the ionization to doubly charged ion occurs sequentially. In a recent article, Nagaya et al [14] have made such an assumption and accordingly calculated the ratio of doubly and singly charged ion signals for the multiphoton/tunnel ionization of benzene. Even though they have not provided the ion signal versus the intensity curve, one can infer that such a curve would be similar to the third theoretically calculated curve in figure 1 . This curve does not fit the experimentally observed ion signal implying that assuming sequential ionization as the only mode of the second ionization of benzene is not a correct assumption and the doubly charged ions are mainly generated through the non-sequential ionization process. Note that by the time the sequential ionization dominates at intensities above 7 × 10 14 W cm −2 , fragmentation through the field induced barrier suppression [15] and the Coulomb explosion of ions would occur and the doubly charged ions generated at high intensity through the sequential process would not survive. In fact, an inspection of the mass spectra of benzene at intensities around 2 × 10 14 [16] indicates that the signal corresponding to lighter fragments, seemingly resulting from the Coulomb explosion of the ionic species, already dominates the spectrum.
The behaviour of the three theoretical curves as compared to the observed ion signal versus intensity plots leads to the main aspect specific to the multiphoton/tunnel ionization of benzene, which is the unusually high level of non-sequential double ionization. As was mentioned earlier, in a simplistic picture of non-sequential ionization, which disregards molecular structure, benzene is similar to NO. However, the experimental results indicate appreciable differences. From the published data [6] , over the same intensity range varies from 2 × 10 −3 to 10 −2 . This behaviour can be partially explained by noting that the majority of electrons are ejected in a direction perpendicular to the plane of benzene molecule [10] and consequently will encounter a target with a large cross section following their re-scattering. However, we believe suppression of the single ionization plays the main role. Note that in both the cases of NO and benzene, the appearance intensities of doubly charged ions are roughly similar, i.e. at around 2-3 × 10 13 W cm −2 . The difference in the two cases is that the non-sequential ionization of NO occurs after the singly charged ion signal is saturated while in the case of benzene, it occurs well before the saturation of the singly charged ions. That is to say, relative to the single ionization, the relative probability of the non-sequential double ionization as compared to the single ionization of benzene is much higher than the case of NO. This could be due to the suppression of single ionization in benzene which moves the singly charged ion curve towards higher intensity. As was mentioned earlier, the ionization suppression only reduces the number of electrons ionized via pure multiphoton absorption and these electrons could not eject a second electron through re-scattering. The number of electrons responsible for the non-sequential ionization (the electrons ionized through quasi-static tunnelling) at a given intensity is roughly similar in the cases of NO and benzene. Thus, an additional explanation could be that the shift of the singly ionization curves of benzene to higher intensity zone means that there are now many more neutrals available for the non-sequential ionization as compared to the NO case. This can be seen from figure 1. At the appearance intensity of doubly charged ions around 2 × 10 13 W cm −2 , the singly charged ion yield is about three orders of magnitude lower than the saturation (depletion of the neutral) level. This means that there are about three orders of magnitude more neutrals available in the high intensity zone of the focal volume. This value roughly explains the difference in the ratios of doubly to singly charged ion yields (or the relative probabilities) stated above.
Finally, we would like to point out that in both cases where doubly charged benzene ions start to occur, the maximum attainable kinetic energy of the re-scattered electron predicted by a simple classical formula is about 3.5 eV which alone is not sufficient to induce doubly charged ions. The occurrence of the non-sequential double ionization becomes possible, as explained by Faisal and Becker in the case of He and Xe [17, 18] , through nonlinear electron-field coupling and long-range Coulomb interaction especially electron-electron correlation.
In conclusion, we found that the double ionization of benzene interacting with linearly polarized 175 fs Ti:sapphire laser pulses occurs mainly through non-sequential processes. Benzene exhibits an unusually large relative probability for the non-sequential ionization which was tentatively attributed to the suppression of multiphoton/tunnel ionization to singly charged ions.
